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 Examines the orientation (zigzag, armchair) effects of F/Cl/Br/I-adsorbed graphene. 
 F cases are site-dependent, while Cl/Br/I cases have minimal orientation dependence. 
 F is adsorbed to graphene at about three times stronger than Cl/Br/I. 
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Adding impurities or doping through adsorption is an effective way to modify the properties 
of graphene-based materials. The capability of making predictions pertinent to the trends of 
elemental adsorption on graphene is very instrumental towards a better understanding of the 
more complex adsorption cases. It also affords useful guidelines for fabricating 2-D graphene 
materials with novel properties. The electronic structure of elemental adsorption on graphene 
is affected by side of adsorption (single- or double-sided), site of adsorption (i.e. bridge, 
hollow or top), and the relative orientation of the adsorbed sites (i.e. zigzag or armchair). In 
this contribution, we apply density functional theory (DFT) calculations to investigate the 
electronic structures of halogens (F, Cl, Br, I) adsorbed on graphene at lower concentrations 
spanning 1:6, 1:8 and 1:18 atomic ratios, in order to elucidate effects of adsorption trends. 
We demonstrate that adsorption of F is merely site-dependent (top). On the contrary, 
adsorptions of Cl, Br and I display a minimal dependence toward orientation. Our findings 
provide a deeper understanding of the elemental adsorption on graphene in terms of geometry 
which may aid in reexamining previous studies and producing better predictions for future 




Graphene is a two-dimensional hexagonal lattice made of carbon atoms where the nearest 
distance between the carbon atoms is nearly 1.42 Å. It became a “wonder” material after the 
seminal paper of Novoselov and Geim and their collaborators in 2004 that successfully 
highlighted the remarkable electronic, mechanical and optical properties of graphene [1]. 
Adding impurities (substitutional doping or adsorption) is an effective way to enhance the 
properties of graphene.  
 
Numerous experimental and theoretical studies have addressed adsorption of halogen on 
graphene. Karlicky et al.[2] reported in their review that fully and partially fluorinated 
graphene have been synthesized, but only partial coverage for Cl, Br and I have been 
produced so far. Band gap of fully fluorinated graphene (fluorographene) has been measured 
to be around 3.0 eV. This makes fluorographene to be one of the thinnest wide-band-gap-













semiconductors/insulators, beside graphane (fully hydrogenated graphene) and graphene 
oxide. 
 
In this regard, two factors appear to play an important role, namely, atomic percent (at.%) 
and atomic ratio, e.g. a 50 at.% has multiple atomic ratios (1:2, 2:4, 3:6, 4:8, …). Robinson et 
al.[3] synthesized and simulated single-sided fluorinated graphene of 25 at.%. This 25 at.% 
constitutes the most stable configuration for single-sided case after fluorographene. This 
configuration can’t be explained using the simplest atomic ratio (1:4), but rather 2:8 (see Fig. 
1). The “flower”-like pattern appears out of this configuration. This system opens a band gap 
of 2.93 eV. 
 
   
Fig. 1. Most stable configuration of single-sided fluorinated graphene of 25 at.%, red spheres 
are F atoms, grey spheres are C atoms, and big red circles are added as illustrative guidance 
[3]. 
 
Wu et al. [4] investigated the Cl plasma reaction with graphene and graphene nanoribbon, 
and contrasted it with the H and F plasma reactions. H and F plasma destroy the network of 
graphene faster than the Cl plasma. Ab initio calculations have indicated that the binding 
energy of Cl is lower than F and H. It follows that Cl atoms are less reactive toward graphene 
if compared with F and H. Br has been successfully used as an assisting agent to glue 
graphene nanoribbons with different widths, due to its weak bond with C [5]. Br atoms are 
deployed during the gluing process, and then removed from the end products. 
 
On the simulation side, Nakada and Ishii[6,7] reported in their non-magnetic ab initio 
calculations at 1:18 atomic ratio, that binding energies decrease, adatom heights increase, 
migration energies decrease, charge transfers (from graphene to adatom) decrease from F to I. 
Nonetheless, only F shows stability at top site. Although applying non-magnetic calculations 













appears to be a shortcoming of Nakada and Ishii [6,7] calculation formalism, their work 
provides valuable information with regard to the landscape of elemental adsorption on 
graphene. Analogously, Karki and Adhikari[8] reported in their ab initio calculations for 
halogens adsorbed on C96H26 (1:96 atomic ratio), that binding energies decrease, adatom 
heights increase, from F to Br. However, charge transfers and band gaps do not adhere to any 
particular trend. Medeiros et al.[9] found that fluorographene creates direct band gap of 3.16 
eV, while fully chlorinated graphene (chlorographene) opens a direct band gap of 1.53 eV. Br 
and I do not open the band gap. Fully halogen-adsorbed graphene systems expand the 
graphene lattice constant significantly and also crumple the graphene sheet. Binding energies 
decrease and graphene lattice constants increase from F to I. 
 
To this end, the current study deploys density functional theory (DFT) calculations to assess 
the influence of the orientational effect when the interaction between the adatoms is relatively 
significant. In estimation of atomic sizes and adatom-adatom interactions, we consider atomic 
ratio of adatom:C at 1:8. We elucidate the effects of different concentrations using atomic 
ratios of 1:6 and 1:18 and conduct a thorough geometrical investigation on the orientational 
effect encountered during the adsorption of the four halogens on graphene - aspects which 
has been overlooked in previous studies. Overall, we highlight some prominent effects of the 
orientational (i.e. zigzag or armchair) and site (i.e. bridge, hollow or top) aspects on various 
properties such as binding energy, Fermi energy, band gap, magnetization, density of states 




We perform all structural optimizations and energy calculations using the plane-wave DFT 
code of VASP. Calculation methodology comprises spin-polarized Perdew-Burke-Wang 
generalized gradient approximation (GGA) exchange-correlation functional [10] with 
projector augmented wave (PAW) pseudopotential [11], van der Waals correction by Grimme 
[12] method, dipole corrections along the Z-direction, and a Gaussian smearing. A pair of 
particles separated by distance r exhibits weak short-range interaction proportional to r
-6
. 
This is Van der Waals force. Adatom-graphene systems create dipole along the z-direction, 
and these dipoles interact with one another in the repeating unit cells (which is also in z-
direction). As this is an unwanted interaction, dipole correction is therefore applied. 
 













To investigate the most stable configuration, it’s necessary to examine all possible positions. 
Unfortunately, this is not practical, as the number of cases will be infinite. As such, this study 
is limited to one adatom per graphene supercells. The adatoms are uniformly distributed 
throughout the graphene. Only 2 × 2 and 2 × 3 graphene supercells (Figs. 2a and 2b) were 
used to observe the effect of orientation. We have not utilized a 4 × 1 graphene supercell 
(Fig. 2c) due to its too narrow size which may induce artificial very strong adatom-adatom 
interaction, and may not be capable of holding neighbouring Br atoms at their optimum 
adsorption positions.  
 
It’s understood that any non-zigzag graphene supercells (armchairs/slants) can be represented 
by larger zigzag graphene supercells with the origin O (0,0) translated/rotated (see Fig. S1 in 
the supplementary data) and vice versa. However, in this study, we u e armchair graphene 
supercell, as it is the simplest case to track the effects of the orientation. Finally, the effects of 
orientation end when the adatom-adatom interaction is very small. 
 
 
                             (a)                       (b)                                         (c) 
Fig. 2. Graphene supercells, (a) zigzag 2 × 2, (b) armchair 2 × 3, (c) zigzag 4 × 1. 
 
For 1:8 atomic ratio, the calculations include (i) 3 adatom sites: bridge (B), hollow (H) and 
top (T); and (ii) 2 orientation directions: zigzag (z) and armchair (a), with initial adatom 
height of 1.5 Å. Figs. 3b and 3c summarize these sites and orientations. All the H  and T 
cases can be represented by one position for zigzag orientation (Hz and Tz) and one position 
for armchair orientation (Ha and Ta), while all the B cases can be represented by one position 
for zigzag orientation (Bz) and two positions for armchair orientation (Ba1, Ba2). Thus, we 
only consider 7 unique adatom positions in this study (Bz, Ba1, Ba2, Hz, Ha, Tz, Ta). We fix the 
lattice parameters at 4.936 Å  4.936 Å for the zigzag 2 × 2 graphene supercell and 4.936 Å  
4.275 Å for the armchair 2 × 3 graphene supercell. We also fix the distance between the two 
graphene sheets to 15 Å. Additional calculations for 1:6 and 1:18 atomic ratios and these 
calculations consider only adsorption sites (B, H, T) has also been performed, as shown in 
Figs. 3a and 3d. 














       (a)                            (b)                        (c)                            (d) 
Fig. 3. Schematic diagrams of adsorption on the graphene supercells for (a) 1:6, (a) 1:8 
zigzag 2 × 2, (c) 1:8 armchair 2 × 3 and (d) 1:18 atomic ratios. 
 
We conduct the calculations in four stages: (1) adatom and pristine graphene energy, (2) 
adatom-adatom interaction, (3) graphene-adatom internal structure optimization, and (4) 
adatom-graphene density of states (DOS) calculation. Two sets of calculations, with and 
without van der Waals and dipole corrections are performed to investigate the effects of these 
corrections. We calculate the adatom-adatom interaction for several supercells to compare the 
interaction strength against the supercell size. To ensure convergence results, all stages used 
plane wave cut off energy of 600 eV. Completion of iterations entailed tolerances of less than 
1 eV for energy and less than 0.02 eV/Å for atomic forces. Table S1 in the supplementary 
data shows the calculation details (k-points and supercell sizes) at each stage. 
 
We explore two types of binding energy, E1 and E2, in the present study as expressed in the 
following two quintessential equations: 
E1 = Egraphene + Eadatom – Eadatom-graphene system        (1) 
and 
E2 = Egraphene + Eadatom-adatom – Eadatom-graphene system       (2) 
where Egraphene denotes the energy of the pristine graphene, Eadatom signifies the energy of the 
adatom, Eadatom-adatom stands for the energy of adatom-adatom interaction and Eadatom-graphene 
system is the total energy of the adatom and graphene after the adatom is attached to the 
graphene. We calculate adatom-adatom interaction on the initial condition of adatom-
adsorbed graphene as if the graphene sheet were removed from the system. Positive or 
negative binding energy indicates stability or instability, respectively. 
 
The band gap, adatom height, graphene distortion, DOS, Fermi energy, magnetization, charge 
transfer are calculated for all cases. In this analysis, the band gap is determined from the DOS 













[13] analysis. Adatom height (Å) is the difference between adatom’s z-coordinate and the 
average of z-coordinates of C atoms. The graphene distortion is an indicator of the adatom’s 
presence, which is the total displacement (in Å) of the C atoms in the graphene supercells.  
 
While total charge is the sum of total spin-up and spin-down, magnetization (in Bohr 
magneton or B) is defined as the difference between total spin up and total spin down of the 
DOS at the Fermi energy level. Charge transfer is expressed as the scalar quantity charge 
transferred from graphene to adatom. Positive charge transfer indicates that that charge is 
transferred from graphene to adatom and vice versa. Charge transfer has been estimated via 
the Bader methodology [14]. We also calculate charge density difference to show the 
interactions between adatom and graphene in terms of its spatial distribution. Charge density 
difference is computed as:  
 
 Δρ = ρadatom-graphene system – ( ρadatom + ρgraphene )     (3) 
 
where ρadatom-graphene system is the charge density of adatom-graphene system, ρadatom is the 
charge density of adatom as if the graphene sheet is removed from the system, and ρgraphene is 
the charge density of graphene as if the adatom is removed from the system. The version 
3.2.1 of Vesta software facilitates calculations of charge densities [15]. 
 
3. Results and discussion 
 
The discussion will focus on adatom-adatom interaction, adatom-adsorbed graphene and 
electronic analysis. The basic information of graphene and the atoms are shown in Table S2 
and S3 and Fig. S2 in the supplementary data. Table S2 shows the atomic/ionic radius and its 
Pauling’s electronegativity [16]. Table S3 shows the calculated magnetization and Fermi 
energy of graphene and the elements while Fig. S2 displays the DOS of graphene and the 
elements. 
 
In general, determining the most stable configuration in elemental adsorption on graphene at 
arbitrary atomic ratio is very challenging, as the plausible numbers of combination is 
unlimited. A well-known example is F-adsorbed graphene at 25 at.%, that creates a “flower”-
like pattern (Fig. 1). Also our quick verification for lower concentration at 6:72 atomic ratio 













showed that this “flower”-like pattern is still more stable than the uniformly distributed 
adatoms (Fig. 4). To verify this problem, advanced techniques to manipulate atoms at precise 
locations must be used (e.g. scanning tunneling microscopy (STM)). And this probably 
would not be an effective and efficient approach. But for this case, the “flower”-like 
configuration (Fig. 4a) has much less probability to occur than the uniformly distributed one 
(Fig. 4b). 
 
   
                           (a)                                (b) 
Fig. 4. F-adsorbed graphene at 6:72 atomic ratio, configuration (a) is more stable than (b), red 
spheres are F atoms, grey spheres are C atoms, and big red circle is added to guide the eyes. 
 
Our last verification is that this calculation method has been verified for fluorographene case 
with excellent agreement with previous studies in terms of DOS and band gap [3,17] (Fig. S3 
in supplementary data). Subsequently, we apply this method to address the lower atomic 
ratios. A well-known example of the orientation effect is graphene nanoribbon, where zigzag 
or armchair termination of graphene nanoribbon determines its band gap [18]. Zigzag 
orientation creates metallic materials, while armchair orientation (depending on its width) 
creates metallic/semiconductor materials. This highlights the importance of a geometric 
aspect, i.e. orientation, on the properties of materials. Xu and Xue [19] carried out a 
simulation study and reported that oxidation can introduce line defects in graphene, thus 
unzipping the pattern of graphene. In relation with this, a potential application for our study is 
to assist this process, and ultimately to create richer and more controllable patterns, e.g. 
zigzag and armchair graphene nanoribbons.  
 
3.1 Adatom-adatom interaction 
 
Elemental adsorption on graphene can be seen as a competition between two parallel surface 
networks, with the network of C atoms as adsorbent and the network of adatoms as adsorbate. 













Adatom-adatom interaction in the network of adatoms is represented by its binding energy. 
As expected, the interaction is quite strong at small supercells, but diminishes at larger 
supercells. Larger Br and I atoms do not fit when considering a zigzag 1 × 1 graphene cell. 
Also, the trend of the interaction strengths follows the atomic radius for a zigzag 3 × 3 or 
larger graphene supercells. This indicates that the larger atomic radius, the stronger adatom-
adatom interaction, for the same graphene supercell. In general, armchair 2 × 3 gives greater 
adatom-adatom interaction than zigzag 2 × 2 (Fig. 5b). 
 
However, this trend does not hold true for 1  1 graphene cell for adsorption of F and Cl 
atoms. This is due to the adatom-adatom repulsion at shorter distance for Cl. When using the 
DFT functional of PBEPBE along with the 6-31G basis set on graphene-like crystal, the 
optimized lattice parameter for F-F and Cl-Cl interactions amounts to 2.21 Å and 3.11 Å, 
respectively. Thus for our 1  1 graphene cell (2.468 Å), F interacts strongly with 
neighboring F atoms whilst neighboring Cl atoms experience repulsion from each other. 
 
For all adatoms, the adatom-adatom interactions are small for 3  3 or larger graphene 
supercells. So it is expected that orientation effects of these adatoms on the adatom-adsorbed 
graphene systems are rather minimal for 3  3 or larger graphene supercells. However, there 




       (a)         (b) 
Fig. 5. Adatom-adatom binding energies for (a) various zigzag n  n supercells, dotted lines 

















3.2 Adatom-adsorbed graphene 
 
For F cases at all atomic ratios, calculation results on all aspects (E1, E2, adatom height, 
Fermi energy shift, graphene distortion, magnetization and charge transfer) suggest that Bz = 
Ba, Hz = Ha and Tz = Ta. As for the Cl/Br/I counterparts, calculation results suggest that Bz = 
Hz = Tz and Ba = Ha = Ta. So we group the calculation results of F cases into B, H and T, 
while Cl/Br/I cases into Z and A. For these low atomic ratios, calculation with fixed lattice 
parameter is adequate. For all calculations results at position Ta, the adatom shifts slightly 
from its optimum top adsorption site, as indicated by the change of space group between 
initial and optimized geometries.  
 
Table 1 enlists main finding for all systems of adatom-adsorbed graphene. As can be seen in 
Table 1, F is site-dependent, but not orientation-dependent; while Cl, Br and I are orientation-
dependent, but not site-dependent. The most stable adsorption site for F atoms is the top site. 
For F cases, the results from zigzag and armchair orientation are the same, as the F-F 
interaction is very small. The site-independence for Cl, Br and I is in agreement with 
previous calculations [20]. However, the orientation-dependence for Cl/Br/I is minimal, as 
the maximum difference of E1 is 0.66 – 0.56 = 0.10 eV (I case at 1:8 atomic ratio). Thus, 
Cl/Br/I can be placed anywhere on the graphene sheet without considering sites as high 
symmetry adsorption points. This implies that Cl/Br/I can occupy multiple sites 
simultaneously. 
 
E1 values for Cl/Br/I cases at 1:6 and 1:8 atomic ratio (Table 1) do not reflect the highest 
values, because of the domination of adatom-adatom interactions. To obtain the highest E1, 
further adatom-adatom interaction optimization with constant cell surface area must be 
performed. The adatom cell surface area must match to the graphene cell/supercell surface 
area to maintain the adsorption concentration (at.%). To calculate the adsorption of these 
adatom cells and graphene cell/supercell, a larger adatom-graphene supercell is required. This 
in turn creates A:C atomic ratio where A > 1. 
 
  














Halogen-adsorbed graphene. Bold numbers are the values at the most stable position for F cases. 
Values in brackets are calculation results from previous studies, with corresponding reference number 
in the square bracket. B, H, T, Z, A are bridge, hollow, top, zigzag and armchair. All cases do not open 
the band gap. 
Atomic 
ratio 
 F  Cl  Br  I 
 B H T  Z A  Z A  Z A 
1:6 
E1 (eV) ~ 1.41 1.02 1.78  0.58^ -  0.64^ -  0.84^ - 
E2 (eV) ~~ 1.38 1.00 1.76  0.40 -  0.32 -  0.26 - 
Adatom height (Å) 1.92 2.28 1.81  3.10 -  3.32 -  3.53 - 
Fermi energy shift (eV) # -1.98 -2.66 -1.43  -1.52 -  -1.14 -  -0.15 - 
Graphene distortion (Å) 0.19 0.01 0.57  0.00 -  0.00 -  0.01 - 
Magnetization (B) 0.00 0.68 0.00  0.79 -  0.83 -  0.56 - 
Charge transfer (e) 0.45 0.37 0.55  0.20 -  0.15 -  0.10 - 
1:8 
E1 (eV) ~ 1.50 1.16 
1.86 
(2.00[3]) 
 0.57^ 0.59^  0.51^ 0.57^  0.56^ 0.66^ 
E2 (eV) ~~ 1.49 1.15 1.86  0.51 0.49  0.40 0.39  0.31 0.31 
Adatom height (Å) 1.97 2.28 1.82  2.97 3.00  3.24 3.26  3.50 3.48 
Fermi energy shift (eV) # -1.88 -2.44 -1.23  -1.60 -1.61  -1.30 -1.30  -0.50 -0.51 
Graphene distortion (Å) 0.21 0.02 0.58  0.02 0.04  0.01 0.03  0.01 0.04 
Magnetization (B) 0.15 0.61 0.12  0.75 0.74  0.80 0.79  0.84 0.61 
Charge transfer (e) 0.48 0.42 0.55  0.25 0.25  0.19 0.19  0.13 0.13 
1:18 













E2 (eV) ~~ 1.66 1.45 1.96  0.77 -  0.60 -  0.47 - 













Fermi energy shift (eV) # -1.51 -1.78 -0.93  -1.50 -  -1.34 -  -0.92 - 
Graphene distortion (Å) 0.19 0.05 0.91  0.06 -  0.06 -  0.07 - 
Magnetization (B) 0.43 0.49 0.00  0.59 -  0.65 -  0.72 - 













~ Binding energy with respect to adatom. 
~~ Binding energy with respect to adatom-adatom interaction. 
# Fermi energy shift from pristine graphene. 
^ This value is our calculation result only and does not reflect the highest value. 
 
We conclude the general trends from Table 1 from F to I for each atomic ratio: (1) E2 
decrease; (2) adatom heights increase; (3) charge transfers decrease. The adatom height 
increase is expected as the atomic/ionic radii increases. Due to stronger interaction, 













adsorption of F atoms distorts the graphene sheet more significantly when compared to 
adsorptions of the other three halogen atoms. The binding energies of F configurations are 
around three times stronger compared to Cl/Br/I structures. The trend of charge transfer is in 
agreement with the Pauling’s electronegativity, with F, Cl, Br, I absorb charge from 
graphene. F has the highest Pauling’s electronegativity among all elements. Cl has less 
binding energies than F, i.e. is in agreement with the experimental measurements and 
theoretical predictions by Wu et al. [4]  
 
The trend from Cl to I sees the decrease in Fermi energy shifts. Thus for Cl to I, the stronger 
interaction with graphene, the wider the shift in Fermi energy shift. The site dependence of F 
cases derives nonlinearity in Fermi energy shifts trends. However, magnetizations do not 
exhibit any trends. By examining the group 14 in the periodic table of elements, Akturk et al. 
[21] found that: (1) binding energy of Si-adsorbed graphene is higher than Ge counterpart; (2) 
adatom height of Si-adsorbed is shorter than Ge counterpart. These two trends are similar to 
the trends of our results on Cl- and Br-adsorbed graphene. The main difference for Cl, Br and 
I cases is the E1, which is solely caused by the adatom-adatom interaction. This finding 
highlights the importance of orientation. However, there is a noticeable difference in 
magnetization for zigzag (0.84B) and armchair (0.61B) orientation for I case at 1:8 atomic 
ratio.  
 
Following the trends of atomic ratios, as the atomic ratios decrease: (1) the E2 increases; (2) F 
adatom heights marginally increase; (3) Cl/Br/I adatom heights marginally decrease; and (4) 
Cl/Br/I charge transfers increase. The increase in binding energies and charge transfers are 
due to more C atoms pulling the adatoms. The trends of adatom heights are not so obvious, as 
their maximum difference is less than 0.13 Å. The site-independence of Cl, Br, I is probably 
due to the adatoms’ size or mass compared to carbon’s atomic size or mass. F has comparable 
atomic radius to C, but Cl, Br and I are 29%, 48% and 73% larger than C in radius. F is 
slightly heavier than C, but Cl, Br and I are 3, 7 and 11 times heavier than C. 
 
In Table 2, we compare the calculations with and without van der Waals and dipole 
corrections. These two corrections have relatively small impacts for F cases, but have 
significant impacts for Cl/Br/I cases. The corrections alter E2 for F cases for  4.6%, but from 
6.9% to 52.0% for Cl/Br/I cases. This signifies the importance of these corrections. Based on 













E2  in Table 2, we can derive an additional trend that van der Waals and dipole corrections are 
increasing (1) from F to I at each atomic ratio and (2) from low to high atomic ratio. 
 
Table 2 
Difference between calculations with and without van der Waals and dipole corrections in halogen-
adsorbed graphene. All values are in %. B, H, T, Z, A are bridge, hollow, top, zigzag and armchair. 
Atomic 
ratio 
 F  Cl  Br  I 
 B H T  Z A  Z A  Z A 
1:6 
E1  ~ 3.4 0.3 4.8  13.1 -  22.6 -  30.6 - 
E2  ~~ 3.2 0.6 4.7  14.0 -  29.5 -  52.0 - 
Adatom height 0.1 2.0 0.2  7.0 -  10.9 -  14.3 - 
Fermi energy shift # 0.2 1.1 0.6  1.1 -  0.2 -  3.7 - 
Graphene distortion 0.5 4.3 0.1  28.4 -  67.1 -  69.4 - 
Magnetization - 1.3 -  1.9 -  2.7 -  5.3 - 
Charge transfer  0.0 2.3 0.5  6.7 -  7.6 -  4.3 - 
1:8 
E1  ~ 3.0 0.5 4.6  13.8 11.9  24.7 21.6  35.0 30.2 
E2  ~~ 3.0 0.6 4.5  13.7 12.4  26.4 25.3  45.6 44.7 
Adatom height 0.1 2.3 0.2  6.5 5.7  8.9 9.1  10.3 11.8 
Fermi energy shift # 0.2 1.4 0.8  2.5 2.0  1.5 1.2  2.4 2.3 
Graphene distortion 0.4 24.8 0.5  45.8 9.0  47.9 16.8  62.1 14.5 
Magnetization 0.5 2.3 5.4  1.2 1.7  1.4 2.3  1.0 1.4 
Charge transfer  0.1 2.7 0.6  6.1 5.3  5.6 5.6  3.6 3.4 
1:18 
E1  ~ 2.8 1.3 4.5  6.9 -  16.2 -  32.5 - 
E2  ~~ 2.8 1.3 4.5  6.9 -  16.3 -  33.1 - 
Adatom height 0.6 0.1 0.4  5.3 -  7.9 -  8.1 - 
Fermi energy shift # 0.8 0.1 1.0  2.0 -  1.8 -  1.8 - 
Graphene distortion 4.7 40.9 2.8  42.2 -  50.8 -  42.7 - 
Magnetization 1.2 0.1 -  2.2 -  2.6 -  1.6 - 
Charge transfer  1.3 0.0 0.3  3.5 -  3.4 -  2.4 - 
~ Binding energy with respect to adatom. 
~~ Binding energy with respect to adatom-adatom interaction. 
# Fermi energy shift from pristine graphene. 
 
Based on the analysis above, we can summarize the trends accompanying halogen adsorption 
on graphene in Fig. 6. These trends may provide guidelines for future experimental studies. 
 














Fig. 6. Some trends for halogen adsorption on graphene at 1:6, 1:8 and 1:18 atomic ratios.  
 
3.3 Electronic analysis 
 
Fig. 7 displays plotted DOS curves for all considered cases. The most striking feature in this 
figure is that all cases do not open the band gap. It is seen that F cases are different from 
Cl/Br/I cases. Graphene DOS is altered significantly by F atoms which implies a strong bond 
between F and graphene. On the contrary, Cl/Br/I-graphene DOS are nearly algebraic 
addition of graphene DOS and the element’s DOS (Fig. S2). This indicates that the bonds 
between Cl/Br/I and graphene are relatively weak (physisorption). For Cl, Br, I cases, the 






 electronic occupation with 3 spin up and 
2 spin down.  
  
 
















Fig. 7. DOS (total spin) and Fermi energy (0 eV) of halogen-adsorbed graphene at 3 different 
atomic ratios (1:6, 1:8 and 1:18). F is top (T) cases, Cl/Br/I are the average values of zigzag 
(Z) and armchair (A) cases. 
 
To illustrate how the charges are distributed in the system, charge density differences were 
calculated for two typical cases, F and Br at 1:8 atomic ratio, Tz case (Figs. 8 and 9). All other 
F cases are expected to exhibit very similar charge distribution to the one shown in Fig. 8. 
Similarly, Cl/Br/I are anticipated to be similar to charge distribution in Fig. 9. These two 
figures clearly show: (1) that electron charges are transferred from graphene to the adatoms, 
and (2) interaction of F-graphene is stronger than Cl/Br/I-graphene. 
  


















Fig. 8. Charge density difference of F-adsorbed graphene at 1:8 atomic ratio, Tz case: (a) 
isometric view, (b) side view. Brown spheres are C while grey spheres are F. Yellow surfaces 
enclose the charge density greater than 0.01 electron/Å
3
 (electron surplus) while cyan 








Fig. 9. Charge density difference of Br-adsorbed graphene at 1:8 atomic ratio, Tz case: (a) 
isometric view, (b) side view. Brown spheres are C, blue spheres are Br. Yellow surfaces 
enclose the charge density greater than 0.01 electron/Å
3
 (electron surplus) while cyan 






The electronic structure of elemental adsorption on graphene is affected by both site of 
adsorption  (i.e. bridge, hollow or top), and also the relative orientation of the adsorbed sites 
(i.e. zigzag or armchair). Overall, we have shown that geometry and orientation are important 
in elemental adsorption on graphene. It is found that adsorption of F is merely site-dependent 
(top), but adsorptions of Cl, Br and I are merely small orientation-dependent. F is adsorbed to 
graphene at about three times stronger than Cl/Br/I. Cl/Br/I-adsorbed graphene carries similar 
properties, as confirmed by the density of states (DOS) and charge density distribution. 
General trends from F at low concentration to I at high concentration are binding energies 
with respect to adatom-adatom interaction, charge transfers from graphene to adatom, site 













domination decrease while van der Waals and dipole corrections, adatom-adatom 
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